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ABSTRACT 
Current interest in two-dimensional materials extends from graphene to others systems like 
single-layer hexagonal boron-nitride (h-BN), for the possibility of making heterogeneous 
structures to achieve exceptional properties that cannot be realized in graphene. The electrically 
insulating h-BN and semi-metal graphene may open good opportunities to realize a 
semiconductor by manipulating the morphology and composition of such heterogeneous 
structures. Here we report the mechanical properties of h-BN and its band structures tuned by 
mechanical straining by using the density functional theory calculations. The elastic properties, 
both the Young’s modulus and bending rigidity for h-BN, are isotropic. However, its failure 
strength and failure strain show strong anisotropy. We reveal that there is a bi-linear dependence 
of band gap on the applied tensile strains in h-BN. Mechanical strain can tune single-layer h-BN 
from an insulator to a semiconductor, with a band gap in the 4.7eV to 1.5eV range. 
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As another member of the two-dimensional (2D) material family, single layer hexagonal 
boron-nitride (h-BN) [1-8] has received increasing attention recently, due to the great similarity 
between h-BN and graphene and the potential to be heterogeneously integrated with graphene 
electronics. Graphene and h-BN resemble one another in many aspects, e.g., the capability to form 
tubes [2,9], a honeycomb arrangement in sp2-bonded 2D layers, high thermal conductivity and 
excellent lubrication properties. Furthermore, they also exhibit significant differences: h-BN is 
electrically insulating with a large band gap both within and across the layers, in contrast to its 
rival graphene with no band gap and being a semi-metal [10-12]. Such striking differences in 
physical properties stimulate great interest in the heterogeneous integration of both materials for 
multifunctional applications [6,10,13]. For example, there is growing interest to tune the band 
gaps of two-dimensional materials by adopting hybrid structures to utilize the large band gap of 
h-BN and the zero band gap of graphene to potentially realize a target band gap. This justifies the 
course to re-examine h-BN for all the extraordinary properties observed in graphene. For example, 
the mechanical properties of h-BN tubes and the defects in h-BN sheets have been extensively 
investigated [7,14-17]. However, a thorough investigation of the mechanical properties of single 
layer h-BN and how mechanics may influence the band structures of h-BN are still missing. In this 
work, we perform a systematic investigation on several critical mechanical properties of 
single-layer h-BN, including the Young's modulus, the Poisson ratio, bending rigidity and the 
band structure tunability by mechanical strain. 
First principles density functional theory (DFT) calculations on single layer h-BN were 
performed (see Appendix for details) and are reported here. Following the rules to define the 
chirality of carbon nanotubes and graphene, the orientation of a single layer crystalline h-BN is 
described by two vectors ࢇଵ  and ࢇଶ , and h-BN has a chiral vector ࡯௛ ൌ ݊ࢇଵ ൅݉ࢇଶ , as 
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illustrated in Fig. 1a.  Mechanical loading is applied to four different orientations in h-BN, as 
defined by chiralities: (I) zigzag ࡯௛=(1,0); (Ⅱ) armchair ࡯௛=(1,1); (Ⅲ) ࡯௛=(4,1); and (Ⅳ) 
࡯௛=(2,1), such that , which is	the	angle	between	the	loading	direction	ሺvector ࡯௛ሻ	and	the	
zigzag	 direction	 ሺࢇଵሻ,	 changes	 from	 0o	 to	 30o	 with	 an	 incremental	 of	 about	 10o.	 In the 
simulations, we first fully relax the unit cell to determine the equilibrium lattice constant and a 
lattice constant of a=2.504Å is found, which agrees well with the experimental measurement of 
2.506Å [18]. Except for the bi-axial loading case, we relax the box in the direction perpendicular 
to the loading axis in the sheet plane in all other calculations. To obtain the equivalent stress of 
the single layer h-BN, an interlayer distance h=3.3Å [18-23] is used, following reference [24]. 
Fig. 1b shows the engineering stress versus engineering strain curves for the samples 
subjected to loading in the four directions defined by chiral vectors ࡯௛, as mentioned above. In 
all cases, h-BN exhibits linear elastic response until a strain of about 8%, followed by a nonlinear 
elastic behavior until its strength reaches a plateau. Table 1 summarizes the Young’s modulus, 
the strength, the failure strain corresponding to the point at the strength, as well as the critical 
bond length at failure. 
Similar to the mechanical properties of graphene [24, 25], we find that the strength and the 
failure strain in h-BN are strongly anistropic. The strength and failure strain when pulling along 
the zigzag direction is much higher than that along the armchair direction. This can be well 
explained by the honeycomb sp2-bonded atomic arrangement. The maximum distance of two 
neighboring planes parallel to the zigzag direction is dZZ=a/√3=1.446Å, while the distance 
between atomic planes parallel to the armchair direction is dAC =a/2=1.252Å, where a=2.504Å is 
the lattice constant of h-BN. Fig. 1c shows the Poisson’s ratio ߥ	as a function of the tensile strain 
applied. Compared to the isotropic Young's modulus, Poisson’s ratio is anisotropic. The 
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Poisson’s ratio is defined as ݒ ൌ െ ௅೅	ି	௅଴೅௅಴೓	ି	௅଴಴೓
	௅଴಴೓
௅଴೅ , where ܮ0், and ܮ0஼௛ are the initial lengths 
of the unit cell in the directions perpendicular and parallel to the loading axis, respectively, while 
ܮ், and ܮ஼௛ are the corresponding ones after an applied strain. As seen in Fig. 1c, the Poisson’s 
ratio under small strain increases with increasing strain. However, when a larger strain of more 
than 3% is applied, the Poisson’s ratio decreases almost linearly with the tensile strain. We 
further notice that the change in the Poisson’s ratio by straining in the zigzag direction is more 
significant than that by straining in the armchair direction. With  increasing from 0o to 30o (the 
chiral vector changes from zigzag to armchair), the Poisson’s ratio decreases from a value of 
0.23 in the zigzag direction to 0.17 at 20% strain while that in the armchair direction changes 
from 0.20 to about 0.09.  
The correlations among the bond angle, bond stretch and the loading conditions at the failure 
point where the stress is maximal are also closely investigated in the present work. Fig. 2 shows 
the bond lengths and bond angles of the h-BN structure at the maximum stress. For straining 
along the armchair direction where the critical strain is the smallest among all the cases studied 
in this work, the bond opening angle of 134.59o is the maximum (Fig. 2a). While the largest 
critical strain can be achieved when pulling along the zigzag direction (Fig. 2b), the maximum 
bond stretch of 1.821Å is observed for the biaxial strain case (Fig. 2c). The bond lengths and 
bond angles at the failure point are shown in Fig. 2d and 2e when single-layer h-BN is stretched 
along the orientations of ࡯௛= (4,1) and ࡯௛=(2,1), respectively. 
Two-dimensional h-BN and graphene not only have a high modulus and tensile strength but 
also have extremely small out-of-plane stiffness given the material is the ultimate thin membrane. 
Such a combination of mechanical properties makes them ideal candidates for biological 
membranes and stretchable electronics applications. Here we also studied the bending rigidity BM 
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of single layer h-BN, which governs the morphology of two-dimensional materials under external 
field stimuli. To obtain MB  of single-layered h-BN, we perform DFT calculations to get the 
energies of single wall h-BN nanotubes (SWBNT) of different radii. By using the Helfrich 
Hamiltonian [26], the bending rigidity of a free-standing single-layer h-BN is then connected 
with the energy of a B-N pair EBN in single wall h-BN nanotubes with the radii r [26]: 
ܧ஻ே ൌ ܧ଴ ൅ ܵ଴ܤெݎିଶ/2                        (1),  
where 0E  is the energy of one B-N pair in a flat h-BN sheet, and ܵ଴ ൌ 3√3݀ଶ/2	=5.432Å2 is 
the planar footprint of a B-N pair where the B-N bond length is d =1.446Å. In the absence of 
deformation, E0 for single-layer h-BN is calculated to be -17.568eV using DFT. The dots in Fig. 
3 are the energies per B-N pair for different radii in single wall BN nanotubes based on DFT 
calculations, with 3a to 3c corresponding to zigzag tubes, armchair tubes, and tubes rolled up 
along the ࡯௛=(5,2) direction. The solid line in Fig. 3 shows the prediction of Eq. (1), assuming a 
bending rigidity ܤெ of 0.95eV. Surprisingly, a single value of bending rigidity ܤெ ൌ	0.95eV in 
eq. (1) can describe very well the dependence of EBN on tube radii r, regardless of the roll-up 
direction of the h-BN tubes, indicating the isotropic nature of the bending rigidity for single layer 
h-BN, which is similar to the bending rigidity for single layer graphene. 
The zero band gap of graphene and the insulating behavior of h-BN have rendered great 
interest in finding effective ways to tune the band gap of 2-D materials [27]. For example, it is 
known that mechanical straining can alter the band gaps of graphene nanoribbons significantly 
[28-34]. Similarly, it has also been shown that straining can change the band gaps for h-BN 
nanoribbons [35] and large area h-BN [36]. We pointed out that in [36], the authors used a very 
different loading condition and reported that the bandgap can eventually approach zero. Those 
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results contradict with calculations for h-BN nanoribbons [35]. Here we explore the dependence 
of the band gap on mechanical straining in large h-BN samples. Fig. 4a shows the two-atom unit 
cell used for band structure calculations with Fig. 4b showing the corresponding reciprocal 
lattice and the first Brillouin zone. Figure 4c shows the band structure of single layer h-BN in the 
absence of strain. An indirect band gap of 4.7eV is obtained, which is in good agreement with 
the former DFT calculation result obtained using the local density approximation (LDA) [37,38], 
but lower than that from calculations obtained by using the quasiparticle GW approximation 
(GWA) (5.95eV) [39]. Fig. 4d–4f, in turn, show the evolution of band structures of single layer 
h-BN when uni-axial strains are exerted along the zigzag direction, along the armchair direction, 
and bi-axial strains are exerted. Very different from graphene, which has been shown that 
mechanical strain has very litter effect on the band structure of large-area graphene [40,41], the 
band gap of h-BN decreases dramatically with increasing tensile strain. Fig. 5 shows the band 
gap as a function of different values of the strain. There is a bi-linear dependence of band gap on 
strains: the band gap decreases slowly with the increasing strain when the applied strain is 
smaller than 18%; but showing a quicker decrease when a strain larger than 18% is applied. Such 
a dependence of band gap on straining is also seen to be anisotropic: the band gap is more 
sensitive to applied bi-axial strains than to the two applied uni-axial strains. Mechanical strain 
can tune single-layer h-BN from an insulator to a semiconductor, with a band gap in the 4.7eV to 
1.5eV range. 
 In summary, we investigated several critical mechanical properties of single-layered h-BN 
by using DFT calculations. We find that the Young’s modulus of single-layered h-BN is about 
780GPa and is nearly independent of crystalline orientation. The bending rigidity is also 
isotropic and is about 0.95eV. Nevertheless, the failure behavior and the Poisson’s ratio of h-BN 
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are highly anisotropic. In addition, we investigated the band structures of single-layered h-BN as 
a function of different mechanical straining, and we found that there is a bi-linear dependence of 
band gap on the applied tensile strains. Mechanical strain can tune single-layer h-BN from an 
insulator to a semiconductor, with a band gap in the range from 4.7eV to 1.5eV. 
 
 
Appendix 
The DFT calculations are performed with the Vienna Ab initio Simulation Package (VASP) code 
[42,43]. The projector augmented wave (PAW) pseudopotentials [44,45] and the generalized 
gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) functional [46,47] are used. 
A plane-wave basis set with a kinetic-energy cut-off of 400 eV and a Monkhorst-Pack [48] k-point 
mesh of 31311 (Γ included) are used for static electronic structure calculations. 101 uniformly 
spaced k-points between two high symmetrical points are used in the non-self-consistent 
calculation to obtain the band structure. An M-P k-point mesh of 1115 was used for the 
structure of single-wall h-BN tubes with chiral index (n=5, m=0) in the mechanical property 
calculations. To eliminate the interactions between periodic images of h-BN sheets a vacuum 
space of 20Å was used. Periodic boundary conditions are applied to the two in-plane directions in 
all the calculations conducted here. All structures are relaxed using a conjugate gradient algorithm 
until the atomic forces are converged to 0.01eV/Å.  
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Tables: 
Table 1. Mechanical properties of single layer h-BN when mechanical strain is applied in 
different directions. Here the strength and the critical strain are the maximum stress and the 
corresponding strain from the stress-strain curves in Fig. 1b, respectively.	
Loading 
orientation Chirality  
Young’s modulus
(GPa) 
Strength 
(GPa) 
Critical 
strain 
Critical bond 
length (Å) 
Zigzag (1, 0) 0 780±20 102 0.29 1.751 
Rotated (4, 1) 10.9 782±20 91 0.20 1.751 
Rotated (2, 1) 19.1 780±20 88 0.19 1.756 
Armchair (1, 1) 30 773±40 88 0.18 1.760 
Bi-axial / / 995±60 108 0.21 1.821 
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Figures  
 
(a) 
     
(b)                                   (c) 
Fig. 1 (Color online): Mechanical behavior of h-BN. (a) Definition of orientations in single layer 
h-BN. Here a1 and a2 are the unit vectors of h-BN in real space. A typical rectangular sample 
(with ࡯௛=(2,1)) for strain-stress calculations was used. (b) Engineering stress vs. engineering 
strain curves obtained for samples loaded along different directions. (c) Poisson’s ratio as a 
function of engineering strain for different loading cases as described in the text. 
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 (a)                             (b)                         (c) 
     
(d)                                (e) 
Fig. 2 (Color online): Bond structures and bond-angle information at the failure point where the 
stress is maximized in the stress-strain curves seen in Fig. 1. (a) Loading along the zigzag 
direction. (b) Loading along the armchair direction. (c) Biaxial straining. (d) Loading along the 
direction defined by chirality (4,1), with the angle  between the loading direction and zigzag 
direction =10.9o. (e) Loading along the direction defined by chirality (2,1), and =19.1o. 
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(a)                        (b)                        (c) 
Fig. 3: Energy per B-N pair versus the radius in single-wall h-BN tubes with different rolling up 
directions: DFT calculations (symbols) and the fitted curve obtained by using eq. (1) with 
bending rigidity BM=0.95eV (solid lines). (a) For tubes rolled up along the armchair direction. (b) 
For tubes rolled up along the zigzag direction. (c) For tubes rolled up along the (5,2) chirality. 
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(a)                       (b)                      (c) 
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                                   (f) 
Fig. 4 (Color online): Band structures of h-BN in response to engineering strains. (a) The 
two-atom unit cell used for band structure calculations (in the red box). (b) Corresponding 
reciprocal lattice and the first Brillouin zone. (c) The band structure of monolayer h-BN in the 
absence of strain. (d) to (f), The evolution of band structures with increasing strains that: (d) 
strains are applied along the zigzag direction, (e) strains are applied along the armchair direction, 
(f) strains are bi-axial. 
 
 
Fig. 5 (Color online): Band gaps as a function of engineering strains for different loading 
directions. 
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